The main goal of this study was to evaluate the performance of new adsorbent, treated Peganum harmala-L seeds (TPHS), for the removal of Ni (II) from aqueous solution. Batch experiments were performed as a function of various experimental parameters. The adsorption studies included both equilibrium adsorption isotherms and kinetics. Equilibrium data fitted very well with the Langmuir isotherm model. Maximum adsorption capacity was determined 91.74 mg/g at pH 7. Kinetics studies showed better applicability for pseudo-second-order model for both adsorbents. The negative value of Δ ∘ confirmed the feasibility and spontaneity of TPHS for Ni (II) adsorption.
Introduction
Removal of heavy metals from wastewaters and industrial wastes has become a very important environmental issue. Nickel salts are commonly used in silver refineries, electroplating, zinc base casting, storage battery industries, printing, and in the production of some alloys that discharge significant amount of nickel in various forms to the environment. At higher concentrations, Ni (II) causes lung, nose, and bone cancer; headache; dizziness; nausea and vomiting; chest pain; tightness of the chest; dry cough and shortness of breath; rapid respiration; cyanosis; and extreme weakness. Hence, it is essential to remove Ni (II) from industrial wastewaters before it is discharged into natural water sources [1] . Adsorption is considered as effective, efficient, and economic method for water purification [2] .
Since the performance of an adsorptive separation is directly dependent on the quality and cost effectiveness of the adsorbent, the last decade has seen a continuous improvement in the development of effective noble adsorbents in the form of activated carbons [3] , zeolites [4] , clay minerals [5] , chitosan [6] , lignocelluloses [7] , natural inorganic minerals [8] , and so forth. Adsorption onto activated carbon (AC) has proven to be one of the most effective and reliable physicochemical treatment methodologies. AC from cheap and readily available sources has been successively employed for removal of heavy metals [9] . There is only limited research on the preparation of activated carbons or modified natural adsorbent using Peganum harmala-L and its application for removing nickel from wastewaters. Peganum harmala, commonly called Esfand, Wild rue, Syrian rue, African rue, is a plant of the family Nitrariaceae. This plant is native from the eastern Iranian region west to India. Peganum harmala-L is abundant and inexpensive in Iran. However, microorganism-based and other biomasses often need to be prepared before application as biosorbent of metal ions. This would increase the cost of the overall wastewater treatment process. Nickel was selected as adsorbate because its compounds have applications in many industrial processes such as nonferrous metal, mineral processing, paint formulation, electroplating, batteries manufacturing, forging, porcelain enameling, and copper sulphate. The chronic toxicity of nickel to humans and the environment has been well documented. High concentration of nickel causes cancer of lung, nose, and bone [10] .
This work investigates the potential of treated Peganum harmala-L seeds in the removal of nickel ions from aqueous solutions. Batch studies were conducted using synthetic Ni ions solution to assess the adsorption kinetic, isotherm, and thermodynamics models. The structure of raw and treated Peganum harmala-L was characterized by FTIR and SEM analyses. A series of tests such as pH, adsorbent dosage, contact time of reaction and initial concentration of solution and temperature were done to study their effects on the Ni ion adsorption onto treated Peganum harmala-L seeds.
Adsorption Experiments

Preparation of Treated Peganum Harmala-L Seeds.
Peganum harmala-L seeds were obtained from Khomein (located in the south of Markazi province) in Iran. Row seeds were air-dried, crushed, and impregnated with diluted H 2 SO 4 (3 : 1). Then the materials were treated in a hot air oven at 80 ∘ C for 24 h. The carbonized material was washed with distilled water and then soaked in 1% NaHCO 3 solution to remove any remaining acid. It was washed with distilled water until the pH of the TPHS reached 6.5, dried at 105 ∘ C, and sieved to the particle size smaller than 0.125 mm.
Preparation of Ni (II) Solutions.
The Ni ion concentration in the solutions was determined by Atomic Absorption Spectrometer (model AA 680 made of SHIMADZU). Before the analysis, the samples were diluted to the concentration of less than 100 ppm Ni (II) with distilled water.
The pH was measured via the Metrohm 827 made of Swiss pH meter. All chemicals were reagent grade and used without further purification.
Synthetic stock solution of 1000 mg/L of Ni was prepared by dissolving analytical grade Ni (NO 3 ) 2 ⋅6H 2 O in double distilled water. Working solutions of the desired concentration were then prepared by successive dilution. All solutions were made using deionized distilled water.
Batch Adsorption Experiments.
Batch experiments were conducted in order to study the effect of important parameters like pH, adsorbent dose, contact time, and initial ion concentration on the adsorptive removal of Ni ion using TPHS. The batch adsorption experiments, 10 mL solution of Ni (II) of initial concentration (100 mg/L), were contacted with 10 mg TPHS. The contents were placed in a stirrer and quietly shacked at 150 rpm. After shaking, the solution was filtered, and then remaining Ni concentration was analyzed. The effects of pH (2-10), contact time (5-90 min), the adsorbent dosage (1.0-15.0 mg), ion concentration (0.1-500 mg/L), and temperature (288-318 K) were tested. The amount of adsorbed Ni (II) at equilibrium ( ) and Ni (II) removal efficiency (% ) were calculated from the following equations:
where and are the final and initial concentrations of Ni (II) (mg/L), respectively, is the volume of Ni (II) solution ( ), and is the mass of TPHS sample which is used in experiment (g).
SEM Analysis and FTIR Spectroscopy.
The characterization of surface structure of the untreated and treated adsorbent was done using Scanning Electron Microscopy. To determine the functional groups involved in the metal adsorption process, the untreated and treated adsorbents were analyzed using a Fourier Transform Infrared Spectrometer (Bruker CO. Tensor 27, Germany) in the range of 400-4000 cm −1 .
Adsorption Kinetic.
Adsorption rate constants for Ni (II) were calculated by using pseudo-first-order [11] , pseudosecond-order [12] , and intraparticle [13] models.
Pseudo-First-Order and Pseudo-Second-Order Kinetic
Models. The pseudo-first-order equation is given by the Lagergren and presented in (2);
The equation can be expressed in a linear form as follows:
where (mg/g) is the amount of Ni (II) adsorbed at time (min), (mg/g) is the amount of the Ni (II) adsorbed on the adsorbent at time under equilibrium conditions, and 1 is the pseudo-first-order rate constant (1/min). The rate constant 1 (1/min) was calculated from the slope by plotting ln ( − ) versus for nickel. The pseudo-second-order model is given by Ho and Mckay and shown in
which can be rewritten as
where 2 is the pseudo-second order rate constant (mg/g⋅min). The linear plot of / against was made in order to calculate the second-order rate constant 2 and equilibrium adsorption capacity from slope and intercept, respectively.
Intraparticle Model.
Weber and Moris proposed the kinetic model for the diffusion controlled sorption process. The intraparticle diffusion equation is given by (6) , where is the intraparticle rate constant (mg/g⋅min 0.5 ), as follows:
The slope of the plot of against 0.5 leads to the value of the intraparticle rate constant and (mg/g) is a constant that gives an idea about the thickness of the boundary layer; that is, the larger value of , the greater the boundary layer effect.
Adsorption Isotherms.
In order to describe the adsorption isotherm, three important isotherms were selected in this study, the Langmuir isotherm (7), the Freundlich isotherms (9), and the Temkin isotherm (10).
The Langmuir isotherm [14] is as follows:
where is the equilibrium concentration (mg/L), is the amount adsorbed onto the adsorbent (mg/g), is for complete monolayer adsorption capacity (mg/g), and is the equilibrium adsorption constant (L/mg).
The essential features of the Langmuir isotherm can be expressed in terms of dimensionless constant separation factor [15] :
where (mg/L) is initial concentration of adsorbate and is the Langmuir constant (L/mg). There are four probabilities for the value: for favorable adsorption, 0 < < 1; for unfavorable adsorption, > 1; for linear adsorption, = 1; and for irreversible adsorption, = 0. The Freundlich isotherm [16] is as follows:
where (mg/g) is the Freundlich adsorption constant and 1/ is a measure of the adsorption intensity. Values range 1 < < 10 indicate adsorption is considered favorable. The Temkin isotherm [17] is as follows:
where (L/mol) is the binding equilibrium constant corresponding to the maximum binding energy, (mol/g) is related to the heat of adsorption, (8.314 J/mol⋅K) is the universal gas constant, (K) is the absolute temperature (K), and is the constant related to the heat of adsorption.
Adsorption Thermodynamics.
Thermodynamic parameters, the change in Gibbs free energy (Δ ∘ ), enthalpy (Δ ∘ ), and entropy change (Δ ∘ ), in order to determine the feasibility of adsorption, were calculated using the following equations:
where = / , is the amount of ion adsorbed (mg/g), is the equilibrium concentration (mg/L), is temperature (K), and is the gas constant (8.314 J/mol⋅K) [18] . Δ ∘ and Δ ∘ values were calculated from the slope and intercept of the plot of ln versus 1/ . 
Results and Discussion
Effect of pH on the Adsorption.
The pH of the system is very important on the adsorption capacity due to its influence on the surface properties of the adsorbent and ionization/dissociation of the adsorbate molecule. The pH effect (from 2.0 to 10.0) on the Ni (II) adsorption by TPHS is shown in Figure 3(a) . As the initial pH value increased from 2.0 to 8.0, the removal of Ni (II) by TPHS increased from 65.96% to 89.79%. Further, increasing the pH value from 8.0 to 10.0 did not significantly enhance the removal of Ni (II) (from 89.79% to 93.17%). The main reason for these phenomena could be explained as follows. There were a lot of H 3 O + ions that competed with Ni (II) for the exchange sites in the adsorbent when the initial pH value was low [19] , thus was prevented the removal of Ni 2+ . When there was an increase in the initial pH value, the concentration of H 3 O + ions decreased, and more Ni (II) could react with the released effective exchange sites. As can be seen in Figure 3(a) , the highest nickel ions uptake was observed at pH 10 which was 93% due to precipitation of Ni ions from 8 to 10. Thus, the optimized pH was 7, and the rest of the experiments were considered at this optimized pH.
The mechanism the biosorption of Ni (II) onto TPHS can be represented by the following expressions: removal percentage. Thus, 7.0 mg of TPHS was fixed as the optimum dosage, and the rest of the studies were carried out at this optimum adsorbent pre-treated.
Effect of Contact Time on the Adsorption.
Equilibrium time is one of the most important parameters in the design of economical wastewater treatment systems. The effect of contact time on the removal of Ni (II) by the TPHS at 100 mg/L for = 7mg showed rapid adsorption of Ni (II) in the first 20 min and, thereafter, the adsorption rate decreased gradually and the adsorption reached equilibrium in about 90 min as shown in Figure 3 (c). It may also be observed from Figure 3 (c) that more than 84.62% of ion adsorption is taking place within the contact time of 20 min and increases gradually thereafter. The rapid adsorption at the initial contact time was due to the availability of more active surface of the adsorbents, which leads to fast adsorption of the ion from the solution. The later slow rate of ion adsorption probably occurred due to the less availability of active site onto the surface of adsorbent as well as the slow diffusion of the solute into the adsorbent pore [20] . Hence, 90 min contact time was chosen as the optimized time for the adsorbent for latter experiments.
Effect of Initial Metal Concentration on the Adsorption.
The effect of on the removal of Ni ions by TPHS is shown in Figure 3(d) . When the increased from 0.1 to 500 mg/L, the amount of Ni ions adsorbed per unit mass of TPHS ( ) increased from 0.12 to 89.69 mg g −1 , whereas the percentage of Ni ions removal decreased from 90.0% to 12.55% with the increase in . The percentage removal of the ions decreased slowly in the concentration range of 0.1-50.0 mg L −1 but reduced rapidly from 50.0 to 500.0 mg/L. Ion removal is highly concentration dependent at higher concentrations. This can be explained by the fact that the adsorbent has a limited number of active sites that become saturated above a certain concentration. At low ion concentrations, the ratio of surface active sites to the total ions in the solution is high, and hence all ions may interact with the active functional groups on the surface of the adsorbent and be removed from solution. However, with increasing ion concentrations, the number of active adsorption sites is not enough [21] .
Effect of Temperature on the Adsorption.
The temperature can affect the adsorption rate. The effect of temperature on nickel adsorption was investigated in the range of 288-318 K. The result of nickel removal at is presented in Figure 3 (e). By increasing temperature of solution, adsorption capacity increased. It was found that by increasing it from 288 to 318 K, the removal percentage increased from 84.62 to 89.93%.
Kinetic Study.
In order to investigate the adsorption behavior of metal ions on adsorbent, the pseudo-first, pseudo-second order kinetic and intraparticle models were used. The fitted linear form of the pseudo-first and pseudosecond order model is shown in Figures 4(a) and 4(b) . The values of adsorption rate constants such as 1 , 2 , and for the two kinetic models were calculated by the method described in Section 2.5. Table 1 shows these adsorption rate constants, with regression coefficients ( 2 ). Regarding the value of 2 of the pseudo-second-order and the pseudofirst order one, the pseudo-second-order model is more appropriate. The kinetic experimental data have been predicted well with this model and the correlation coefficient value for experiment was more than 0.99. For Ni 2+ , the value predicted from the second-order-model is much more comparable to the experimental value than that from the first-order-model.
The pseudo-first-order and pseudo-second-order models cannot identify the diffusion mechanism. To determine whether the intraparticle diffusion is the rate limiting step 2 ) are less than 0.99 suggesting that two or more steps are involved in the nickel adsorption onto the prepared adsorbent. The deviation of straight line in Weber and Morris model may be due to difference in the rate of mass transfer in the initial and final stages of adsorption [10] .
Equilibrium Study.
Isotherms state the particular correlation between the content of Ni (II) adsorbed onto TPHS surface in given empirical conditions and the equilibrium concentration of Ni (II) in the liquid phase. Linear plot of the Langmuir isotherm of Ni (II) ion adsorption on TPHS is shown in Figure 5(a) .
The calculated constants for the described models in Section 2.6 and correlation coefficients are given in Table 2 . As can be seen from Table 2 , the Langmuir isotherm shows an inadequate fit of experimental data. The maximum adsorption capacity of TPHS ( ) and the adsorption energy coefficient calculated from the slope and the intercept of the linear plot were 91.74 mg/g and 0.049 L mg −1 at temperature 25 ∘ C, respectively. Table 2 . The value of 1/ was in the range of 0-1 that shows favorable adsorption on adsorbent. The correlation coefficient of the Freundlich and Temkin values was lower than the Langmuir value. The suitability of Langmuir data for interpretation of experimental suggests that ions adsorption is limited to monolayer coverage [27] . From linear regression of the data points, the 2 value of 0.81 for Ni (II) is rather low which indicates that biosorption of Ni (II) did not follow the Temkin isotherm closely.
Comparison of Adsorption Capacity with Different Adsorbents Reported in the Literature.
The maximum monolayer adsorption capacities of TPHS adsorbent for the removal of Ni (II) were compared with those of other adsorbents reported in the literature and the values are shown in Table 3 . It is clear from Table 3 that the adsorption capacity of TPHS adsorbent was greater than the previously reported. Table 4 and Figure 6 increasing randomness at the solid-solution interface during the adsorption process [28] . According to Huang et al. [29] , Δ ∘ value physisorption was smaller than 40 kJ/mol and this value for our study shows that the adsorption of Ni (II) onto TPHS was a physisorption process (Δ ∘ = 11.979 kj⋅mol −1 ).
Thermodynamics Study. Results were shown in
Conclusions
This study demonstrated that treated adsorbent which was developed from Peganum harmala-L seeds could be used as an effective adsorbent for the removal of Ni (II) from aqueous solution. The equilibrium time for adsorption of Ni (II) from aqueous solutions was achieved within 90 min of contact time. Kinetics studies showed better applicability for pseudo-second-order model for this adsorbent. The isotherm study indicated that adsorption data correlated well with the Langmuir isotherm model. The maximum monolayer adsorption capacities for the removal of Ni (II) using TPHS adsorbent was found 91.74 mg/g. Thermodynamic constants were also evaluated using equilibrium constants changing with temperature. The negative values of Δ ∘ suggested that the adsorption was spontaneous in nature. Finally, it can be concluded that the use of TPHS as an adsorbent may be an alternative to more costly materials, such as ion-exchange resins and carbon nanotubes, for the treatment of liquid wastes containing toxic Ni (II) metal ion.
